Abstract
Introduction

The self-assembly of supramolecular structures is vital to numerous life processes, such as membrane fusion. Neurotransmission, and the secretion of hormones or digestive enzymes, involve fusion of opposing cellular membranes. At the nerve terminal, target membrane proteins synaptosomal-associated protein 25 (SNAP-25) and syntaxin 1A termed t-SNAREs, and synaptic vesicle (SV)-associated membrane protein VAMP2 or v-SNARE, are part of the conserved proteins involved in fusion of opposing cellular membranes [1-3]. In the presence of Ca 2ϩ , when a v-SNARE-vesicle meets a t-SNARE reconstituted planar lipid membrane, SNAREs in opposing membranes interact and self-assemble in a ring, establishing continuity between the opposing compartments
. Size of the SNARE ring is directly proportional to the size of the v-SNAREassociated vesicle [5] . In contrast, SNAREs deprived of membrane fail to assemble in a ring [4] .
The key to our understanding of SNARE-induced membrane fusion requires determination of the atomic arrangement and interaction between membrane-associated v-and t-SNAREs. Ideally, the atomic coordinates of membrane-associated SNARE complex using x-ray crystallography would help elucidate the chemistry of SNARE-induced membrane fusion in cells. Unfortunately, such structural details at the atomic level of membrane-associated t-/v-SNARE complex have not been possible, primarily due to solubility problems of membrane-associated SNAREs and because v-SNARE and t-SNAREs need to reside in opposing membranes when they meet to be able to assemble in a physiologically relevant conformation. The remaining option has been the use of nuclear magnetic resonance spectroscopy (NMR), which too has been unsuccessful due to the size of the t-/v-SNARE
complex being larger than current NMR capabilities. Regardless of these setbacks, atomic force microscopy (AFM) has provided, at nanometre resolution, an understanding of the structure [4, 5] . Because membrane association of SNAREs is critical to their assembly and function, the molecular conformations in the assembly and disassembly of full length SNAREs both in buffered suspension and in membrane, have been previously examined using circular dichroism (CD) spectroscopy [6] . Results from the CD study demonstrate that the ␣-helices both within v-SNARE and tSNAREs, and their complexes, are significantly less pronounced when membrane-associated than in suspension. Furthermore, exposure of the t-/v-SNARE-NSF complex to ATP, results in dissociation of ␣-helices present within the SNARE complex, as also demonstrated using AFM [7] . (Fig. 1B, D) , the stable SNARE complexes [8] have enabled a detailed examination of its morphology at high resolution, using both AFM and electron microscopy (EM) in the current study. 
Materials and methods
Protein purification
(C) Schematic diagram depicting the possible molecular mechanism of SNARE ring complex formation, when t-SNARE-vesicles and V-SNARE-vesicles meet. The process may occur due to a progressive recruitment of t-/v-SNARE pairs as the opposing vesicles are pulled toward each other, until a complete ring is established, preventing any further recruitment of t-/v-SNARE pairs to the complex. The top panel is a side view of two vesicles (one t-SNARE-reconstituted, and the other v-SNARE reconstituted) interacting to form a single t-/v-SNARE complex, leading progressively (from left to right) to the formation of the ring complex. The lower panel is a top view of the two interacting vesicles.
Preparation of proteoliposomes
vesicles ranging in sizes from 48 to 52 nm diameter were obtained as assessed by AFM and photon correlation spectroscopy (PCS) (Fig. 2A-C). Proteoliposomes were prepared by gently mixing either t-SNARE complex (equal amounts of syntaxin 1-His6 and His6-SNAP-25, final concentration 25 M) or VAMP2-His6
(final concentration 25 M) with liposomes [4] [5] [6] [7] , followed by three freeze/thaw cycles to enhance protein reconstitution at the vesicles membrane. PCS was performed for the measurement of proteoliposome size [6] , using a Zetasizer Nano ZS, (Malvern Instruments, Worcestershire, UK). (Figs 1 and 2 [9] . The intensity size distribution, which is obtained as a plot of the relative intensity of light scattered by particles in various size classes, is then calculated from a correlation function using built-in software. The particle scattering intensity is proportional to the molecular weight squared. Volume distribution can be derived from the intensity distribution using Mie theory [10, 11] . The transforms of the PCS intensity distribution to volume distributions can be obtained using the provided software by Malvern Instruments.
Atomic force microscopy of the t-/v-SNARE complex
AFM was performed on phosphatidylcholine:phosphatidylserine (PC:PS) vesicles and on the membrane-directed t-/v-SNARE complexes obtained following vesicle solubilization
Electron microscopy of the t-/v-SNARE complex
EM was performed with a Tacnai 20 electron microscope (Philips Electron Optics/FEI, Eindhoven, The Netherlands) operating at 200 kV. Aliquots (~2.5 l) were adhered to thin pure carbon-coated 300-mesh copper grids, which had been rendered hydrophilic by glow discharge for 20 sec. The grids were washed with drops of deionized water and then exposed to drops of 2% (w/v) uranyl formate as previously reported [12]. Images at 80,000ϫ magnification were recorded at low defocus on 4 K ϫ 4 K Gatan UltraScan charge-coupled device (Gatan Inc., Pleasanton, CA, USA) under low electron dose conditions (Figs 2-4). Each pixel of the micrographs corresponds to 1.4 Å at the level of the specimen. Particles in micrographs
were selected and windowed using EMAN software [13] . [14] . All particles were first normalized using a mean density of 0 and standard deviation of 10, then, contoured by the lowest ring at 1.0 [15, 16] , protein density distributions were determined and revealed in three dimensions. [15, 16] .
Contour mapping of the t-/v-SNARE ring complex: To display the protein structure at greater detail, contour maps of the t-/v-SNARE protein ring complex was obtained using SPIDER software
. Outside the protein complex, the background is flattened and smoothed. The protein boundary is defined by the darkest shadow around the particles, which results from the contrast transfer function of electrons. Topography of the t-/v-SNARE ring complex from electron density maps: Heavy metal staining of the t-/v-SNARE complex enables an estimation of the relative size and arrangement of proteins in electron micrographs of the complex. Thus, intensity of negative stained proteins in electron micrographs, reflect the dimension, concentration and arrangement of protein at the various locations. Higher intensity in the micrographs corresponds to greater amount of protein at that location. Using CHIMERA software developed at the University of California, San Francisco
Here, the colours from blue, green, yellow to red, (or from dark, grey to white) correspond to the protein image intensity from lowest to the highest (Figs 3 and 4). The highest peak in each image is presented at 30 pixels. Stereo views of the t-/v-SNARE ring complex topographies were obtained by utilizing the wall-eye stereo view created by UCSF Chimera
Histograms of the intensity distribution of electron density maps of t-/v-SNARE ring complex: The intensity of the density map was linearly normalized from 0 to 1. The histograms of the normalized intensity were generated and displayed based on a sampling step of 0.05. The similarity of the histogram may correspond to the similarity of the topological structure of the t-/v-SNARE ring complex. Intensity distribution along the centre horizontal line of the t-/v-SNARE ring complex: Analogous to section analysis by the AFM, 1D intensity distribution across the centre of the t-/v-SNARE ring complex provides pixel
intensities at various positions of the structure. The intensity presented is the average of 9 pixels wide stripe across the centre of the particle.
Mathematical prediction of SNARE ring complex size
Employing standard mathematical formula for the volume and surface areas of spheres one could estimate and predict the contact surface and the resultant size of t-/v-SNARE complexes formed.
Synaptic vesicle isolation
SVs were prepared from rat brains using published procedures [17, 18] (Fig. 5D ).
Results and discussion
In the present study, recombinant full-length t-SNARE and v-SNARE proteins were expressed and purified for use according to published procedures [4-7, 19, 20] (Fig. 3) . These measurements further demonstrate the thickness of the ring to be ~2. 5 (Fig. 5) . On close examination, the ring complex leaves little room for additional SNARE pairs, imparting the ring a leak-proof contour. A possible mechanism in forming such tight 
Fig. 4 Electron micrographs (A), electron density maps (B), and 3D contour maps (C) of isolated t-/v-SNARE ring complexes formed when approximately 50 nm diameter t-SNARE-reconstituted vesicles and 50 nm diameter v-SNARE-reconstituted vesicles interact. 3D topography of t/v-SNARE
nm diameter t-/v-SNARE ring complex is established (᭜). Analogous to the 11 nm diameter t-/v-SNARE ring complexes formed when 50 nm v-SNARE vesicles meet a t-SNARE-reconstituted planer membrane (B), approximately 11 nm diameter t-/v-SNARE ring complexes are formed when 50 nm diameter SVs meet a t-SNARE-reconstituted planer membrane (C, D).
It is also important to be aware that both membrane curvature and lipid composition, influence the size of the membranedirected t-/v-SNARE assembly. In a recent study [21] 
